MicroRNAs (miRNAs) are short, single-stranded non-coding RNAs that control gene expression by annealing to complementary sequences in mRNAs. They are estimated to regulate at least one third of human transcripts and hence, manipulation of these miRNAs can profoundly affect the proteome and ultimately cellular phenotypes. A substantial amount of work has shed light on the crucial roles of miRNAs in diseases. miRNA expression profiles between normal and diseased tissues have identified miRNA signature patterns that correlate to disease development and progression. This review discusses some of the important miRNAs that are involved in endothelial cell senescence and dysfunction that contribute to the development and progression of cardiovascular diseases.
Introduction
Cellular senescence is defined as the limited ability of cells to proliferate after a finite number of population doublings. Senescent cells do not divide but remain viable and metabolically active. These cells have enlarged and flattened morphology, increased granularity and vacuolization as well as adhesion to extracellular matrix while losing cell-to-cell contacts, altered patterns of gene and protein expression, and shortened telomere length. They characteristically express senescence-associated-β-galactosidase (SA-β-gal) activity at pH 6.0 (1). Organismal aging is associated with cellular senescence as increased occurrence of senescent cells can be found in aged human tissues including the vasculature (2), skin (3), liver (4), kidney (5), astrocytes (6) and prostate (7), contributing to age-related diseases such as atherosclerosis, Alzheimer's disease and benign prostatic hyperplasia. Senescence can be triggered by the shortening of telomere during each cell cycle division which eventually leads to telomere "uncapping" which restricts cell division, hence, the term cellular senescence (8, 9 ). An imbalance in the biological redox reactions between the high level of oxidative stressors, such as hydrogen peroxide (10) and the low level of anti-oxidants can damage cellular DNA, RNA and proteins and induces cellular senescence (11) , Other triggers of senescence include aberrant activation of oncogenes such as Ras and Myc, or silencing of tumor suppressor genes such as PTEN and pRb, can result in oncogenic stress and cause oncogene-induced senescence (OIS) via three intrinsic pathways: p16/pRb-, Arf/p53/p21-and DNA damage response (DDR)-pathway. Oncogeneinduced senescence often occur when the stress surpasses a threshold level, the cells are deprived of nutrients or growth factors, there are improper cell-cell contacts, and the cells are exposed to sub-lethal dose of DNA damaging agents such as anticancer drugs and gamma irradiation (8, 12) . Cellular senescence has been described as a double edge sword since it does not only suppresses uncontrolled proliferation for cells at risk of neoplastic transformation (2), but also contributes to aged-related loss of tissue function or pathologies such as atherosclerosis in aged individuals (13) .
MicroRNAs (miRNAs) are a well-recognized group of short non-coding RNAs that regulate gene expression by targeting 3' untranslated region (UTR) of mRNA transcripts and inhibit mRNA translation. In-depth details on the biogenesis and the mechanism of actions of miRNAs are reviewed at length elsewhere (14) . Post-transcriptional regulation mediated by miRNA is pervasive in human because they are estimated to regulate at least one third of human transcripts as they can bind to multiple targets and suppress mRNAs translation (15) . Although most miRNAs repress gene expression via translational inhibition or degradation of mRNA, some miRNAs can activate gene expression via upregulation of the translation of mRNA (16) . Emerging evidence suggest that miRNAs play crucial roles in diverse biological processes including somatic and stem cell differentiation, cell proliferation, organ development, cell death, signaling in various diseases (17) . Hence, it is not surprising that deregulation of miRNAs are associated with numerous diseases. These include cardiovascular diseases such as myocardial infarction and atherosclerosis (18) , various types of cancer such as breast, lung, nasopharyngeal and thyroid carcinoma (19) (20) (21) (22) , neurodegenerative diseases such as Alzheimer and Parkinson diseases (23, 24) and type 2 diabetes mellitus (25) .
An important risk factor for cardiovascular diseases is aging (26) . Accumulation of senescent cells in the vasculature leads to impaired vascular homeostasis. It has been reported that loss of vasomotor function of the major vasculature among elderly can contribute to the risk of development of cardiovascular diseases (27) . It has been demonstrated that senescence of endothelial cells can lead to endothelial dysfunction due to an imbalance between vasodilating and vasoconstricting mediators released by (or acting on) the endothelium which subsequently results in reduced vasodilatation, a pro-thrombotic and pro-inflammatory state (28, 29) . Endothelial dysfunction is further associated with atherosclerosis (30), hypertension (31), coronary artery disease (32), chronic heart failure (33) and peripheral artery disease (34) . Previous studies have shown that deleterious changes in senescent endothelial cells lead to impairment of endothelium-dependent vasodilation and thrombogenesis that contribute to the pathogenesis of atherosclerosis (35) . In addition, studies have shown that telomere shortening and activation of Notch pathway modulate senescence of endothelial cells in atherosclerosis (36) .
In vitro studies using isolated human blood vessels and in vivo studies in animal and human demonstrated that there is a decrease in the release of endothelium-derived relaxing factors such as nitric oxide (NO), prostacyclin and endothelium-derived hyperpolarizing factor (EDHF) but an increase of endothelium-derived vasoconstrictors such as prostanoids and endothelin-1 (ET-1) in senescent endothelium (29) . NO, the major relaxing factor is synthesized by endothelial nitric oxide synthase (eNOS) and the decline in NO level produced by senescent endothelium is reported to be due to a decline in the phosphorylation of eNOS by Akt in senescent endothelium (37) . Impaired release of endothelium-derived relaxing factors leads to progressive endothelial dysfunction (29) .
The importance of senescence in age-associated diseases highlights the need to study and further understand the molecular signaling of endothelial cell senescence, particularly on the role of miRNAs and their target genes in regulating senescence given that miRNAs are found deregulated in these diseases. This review discusses the involvement of selected well known miRNAs in endothelium senescence and vascular aging and their roles in cardiovacular diseases.
miR-34a
miR-34a is consistently upregulated in both cell culture and various organs of aged mouse (38) (39) (40) . Overexpression of miR-34a has been shown to inhibit proliferation and to induce senescence of endothelial cells (39) . The prime target of miR34a is Sirtuin 1 (SIRT1) (41) which is a NAD + -dependent protein/histone deacetylase that regulates memory and plasticity, cell cycle progression, angiogenic functions, cellular senescence, apoptosis and various cellular metabolisms through its interaction with a number of molecules, including Ku70, p53, PML and FOXO (42) (43) (44) . SIRT1 is essential for endothelial functions and it promotes longevity by preventing cellular senescence. Downregulation of SIRT1 by miR-34a is detrimental for endothelial and progenitor cells functions (40, 45) . SIRT1 expression level decreased with age inversely to miR-34a in mouse brain tissues (39) . More recently, miR-34a was found induced in aging mouse and human heart, and its silencing reduced age-associated cardiomyocyte cell death and improved myocardial function (46) . This study further showed that silencing of miR-34a released the suppression of its other target, protein phosphatase 1 nuclear-targeting subunit (PNUTS), which reduces telomere shortening, DNA damage responses and cardiomyocyte apoptosis, and improves functional recovery after acute myocardial infarction (46) . In coronary artery disease (CAD) patients, levels of miR-34a were also higher compared to the non-CAD group, whereas levels of SIRT1 protein were lower in the CAD group than in the non-CAD group. In patients treated with atorvastatin, a drug that lowers blood cholesterol, marked decrease in miR-34a levels and increase in SIRT1 levels were noted (45) . Results from this study show that miR-34a is a valuable biomarker and should be explored for therapeutic monitoring of cardiovascular diseases and other age-related diseases.
miR-217
The expression of miR-217 is upregulated in senescent endothelial cells and in human atherosclerotic plaques. Its expression level inversely correlates to those of SIRT1 and eNOS. Hence, overexpression of miR-217 downregulates SIRT1, increases eNOS acetylation and reduces eNOS protein expression leading to the reduction of the major endothelium relaxing factor, NO (38, 47) . miR-217 also reduces eNOS through the downregulation of FOXO1 (forkhead box O1) (38) and FOXO3 (48) , which negatively regulates angiogenesis and vascular growth.
miR-29 family members
The miR-29 family members are upregulated in senescent endothelial cells (38) , aortas of aged mice (49) and atrial tissues of dogs (50) . The upregulation of the expression of miR-29 family members during senescence involves the activation of retinoblastoma tumor suppressor protein (Rb) pathway, which is a central pathway essential for the induction of senescence (51) . Its overexpression is reported to be triggered by DNA damage and is mediated by p53 (52) . Furthermore, miR-29 family members repressed Ppm1d phosphatase which in turn enhanced the activity of p53 (52) . In normal aged ICR mouse and klotho-deficient senescence mouse models, the upregulation of miR-29 resulted in reduced type IV collagen, which can weaken the basal membrane of aged tissues (53) . Using an aneurysm mouse model, it was shown that interference of miR-29 expression enhanced the expression of matrix protein and improved the integrity of the vascular wall, suggesting that miR-29 may be a valuable target for the maintenance of the vascular wall integrity (49) .
miR-146 family members
Two members from this family, namely miR-146a and -146b, are known for their roles in regulating inflammation. Their expressions are inducible by pro-inflammatory cytokines in cultured endothelial cells (54) and are found elevated in human atherosclerotic plaques (55) . It was further shown that miR-146a and -146b suppressed the pro-inflammatory NF-κB pathway and downstream EGR and AP-1 transcription factors that drive inflammatory gene expression. This then suppressed endothelial activation and response to pro-inflammatory cytokines which in turn protected the vascular cells from cytokines-induced damages (54) . Moreover, they also directly target and inhibit the expression of HuR, an RNA binding protein that promotes endothelial activation by increasing eNOS expression (54) . By inhibiting HuR, endothelial activation can be suppressed. Other studies also revealed that miR-146 family members control inflammation by inhibiting interleukin-1 receptor-associated kinase 1 (IRAK1), an enzyme required for the upregulation of NF-κB in fibroblast cells (56) and mouse heart tissues (57). Inhibition of IRAK1, hence, can inhibit the pro-inflammatory NF-κB pathway. miR-146a also targets NADPH oxidase 4 (NOX4) which is a predominant NOX in endothelial cells. NOX4 generates ROS and contributes to endothelial senescence and repression of NOX4 by miR-146, hence reduced oxidative stress and replicative senescence in endothelial cells (58) . These studies collectively suggest that enhancement of miR-146 family members may be a potential strategy to protect vasculature against inflammation and oxidative stress-induced senescence and damages.
miR-17-92 family
miR-17-92 cluster is a well-defined group of miRNAs involved in endothelial functions and angiogenesis. This is a polycistronic miR cluster that encodes the miR-17, miR18a, miR-19a/b, miR-20a, and miR-92a. The miR-17-92 cluster is commonly linked to tumor angiogenesis, where overexpression of the miR-17-92 cluster promotes tumor angiogenesis (59) . Specifically, miR-17, 18 and 19 exert their pro-angiogenic activities through the downregulation of the extracellular matrix proteins connective tissue growth factor (CTGF) and thrombospondin-1 (TSP-1), an anti-angiogenic molecule (60) . This is also observed in aged mice, where the expressions of miR-18/19 concomitantly increased with the decreased in their targets, CTGF and TSP-1, which contributed to a failure-prone heart (61). On the other hand, miR-92a has anti-angiogenic activity where overexpression of miR-92a suppressed angiogenic sprout formation in vitro and interfered with intersegmental vessel growth in zebrafish (62) . However, the role of each member in angiogenesis may be distinct in selective cells or environments. Combined overexpressions of miR-17, miR-18a, and miR-20a in endothelial cells can rescue the impaired endothelial functions caused by the inhibition of Dicer, an RNA endonuclease that regulates miR maturation (63) . In contrast, overexpression of individual miR, namely, miR-17, miR-18a, miR-19a, and miR-20a alone, reduced sprouting of endothelial cells (64) . It is unclear why their effects differed as a group and as individuals but the authors suggested that they have cell-intrinsic activities (64) and that they may also function differently in physiological and tumor angiogenesis (64) . Hence, these data suggest that manipulation of these miRNAs for therapeutic purposes requires careful consideration since they are important modulators in both cancer and aging pathologies.
miR-299-3p
miRNAs discussed in this review represent some of the highly studied and consistently reported ones. As science advanced with more powerful and highly sensitive tools such as next generation sequencing and microRNA array system, it is not impossible to uncover novel miRNAs and to map their functions. We used an integrated miRNA and gene profiling approach to identify miRNAs and their targets that are associated with endothelial senescence (65) . We found that miR-299-3p is up-regulated in senescent HUVECs compared to the young cells and one of its target genes could be IGF1, which is largely known to be associated with aging. Knockdown of miR-299-3p also resulted in significant reduction in the percentage of cells positively stained for senescence associated-bgalactosidase, increased in cell viability measured using MTT assay but marginal increases in cell proliferation and cell migration capacity measured by real-time growth kinetics analysis. Moreover, knockdown of hsa-miR-299-3p also increased proliferation of H 2 O 2 -induced senescent endothelial cells. Our findings showed that knockdown of miR-299-3p can delay or protect against cellular senescence of endothelial cells by improving the metabolic activity of the senesced cells and this miRNA also acts in concert with miR-338-3p and miR-134 (65).
Conclusion
Evidence from various studies discussed above strongly support the notion that miRNAs are relevant and play important roles in endothelial cells senescence and vascular aging. While some of their target genes are known and some information on the associated mechanisms are defined, there remains much to be investigated. Prior to the development into miRNA-based therapeutics, many questions remain and these include the mechanism of increased or decreased expression of these miRNAs during senescence and aging, how and what regulate these miRNAs and whether their deregulation is direct effector of disease development or part of the feedback mechanisms. With the use of advanced technology such as next generation sequencing, more novel miRNAs are being identified and their functions validated. The answers to these questions will have significant implications to their use as therapeutics and biomarkers.
